Abstract-This paper describes how the fault generated travelling waves detected in the current signals at a single location on a distribution feeder can be used for fault section identification and location. The method identifies the fault section and the probable location of the fault by comparing the relative distance of each "peak" in the high frequency current signals to the known reflection points in the distribution feeder. The probable fault location is then used within a transient power system simulator that models the actual network. The resulting simulated current waveforms are then crosscorrelated against the signal captured on the real network. If the estimated fault location is correct, the high frequency signatures in the simulated waveform will be similar to that of the measured waveforms and the cross-correlation value will be a high positive value. Simulation studies using PSCAD/EMTDC and analysis using cross-correlation technique suggest that the method described can accurately locate a fault on a distribution feeder using measurement at a single location.
I. INTRODUCTION
RAVELLING wave techniques for fault detection and location have been developed over many years [1] - [4] , [7] . Instead of the power frequency voltage and current signals, the high frequency transients are used to locate the fault. The operating principle is based on the reflection and transmission of the fault generated travelling waves on the faulted power network.
During the 1950's, travelling wave based fault locators for overhead line were categorised into single-ended and double-ended techniques and these were then subdivided into types A, B, C, D and E [2] [8].
Most existing travelling wave based fault locators work on a double-ended method and most are applied on transmission line [6] [7] . The double-ended method is perceived to be more reliable since it does not require multiple reflections of the signals, but rather measure the time of arrival of the first fault generated signals at both ends of the line using synchronised timers. For single-ended, the current or voltage signals are measured at one end of the line and fault location relies on the analysis of these signals to detect the reflections that occur between the measuring point and the fault. Single-ended location is desirable as it only requires one unit per line and a communication link between the ends of the line is obviously not necessary. Therefore particularly for distribution systems, single-ended fault location should be less expensive and hence preferable.
II. TRAVELLING WAVES THEORY
The voltage and current on a loss-less uniform power line are related by the telegraphy equations [5] :
Where, C and L are the capacitance and inductance of the line per metre and
are the voltage and current changes at location x at time t due to the travelling wave. The general solutions to these equations are:
where v is velocity of the wave propagation and 0 Z
) is the characteristic impedance of the lines.
The functions 1 f and 2 f represent two waves which travel in opposite directions. 1 f is a wave that travels in the positive direction x (forward travelling wave) while 2 f is a wave that travels in the negative x direction (backward travelling wave).
Forward voltage and current travelling waves can be completely or partially reflected when the waves reach a discontinuity point. This may be due to an open or shortcircuited terminal, a generator, a transformer between a line and cable, a teed line or a load connection. At this discontinuity, a part of the travelling wave will be reflected back along the line and a part will be transmitted through the transition point. The magnitudes of the reflected or transmitted components depend on the change of impedance at the discontinuity. The wave will then continue to be reflected and transmitted until it dies out due to attenuation.
The basic principle of most single-ended travelling wave fault locators is to estimate the fault location using the time interval between the arrival of an incident travelling wave generated by a fault and the corresponding wave reflected from the fault point. However, since travelling waves can also be reflected by other discontinuities, identification of the desired signal is of crucial importance to the operation of [4] . The most widely used method to detect the desired signal is based on cross-correlation.
A Bewley Lattice diagram is usually used to describe the reflection and transmission of a travelling wave instigated by a fault on a power system, see Fig. 1 . When a fault occurs on the line, two waves will be generated which propagate away from the fault toward both ends of the line. When these waves reach the point of discontinuity (A and B), they are reflected back towards the fault point. As they arrive at the fault, a part of the wave will be re-reflected back towards the end it came from and a part will be transmitted through to the other end. This reflection and transmission process will continue until the signals die out due to attenuation. If the time interval between the arrival of the first incident wave at A1 and the corresponding reflected wave at A4 is obtained, the distance to the fault from A can be calculated as:
where v is the travelling wave velocity and t is the time interval between the incident wave and the reflected wave ( 1 2 t t t − = ).
III. WAVEFORM PREDICTION BASED ON "TIME TREES"
A Bewley lattice diagram is commonly used to describe the various reflections and transmissions of the waves generated by a fault on a power network. However the diagram can be difficult to follow even for a simple single line model [8] . It is even more difficult to follow if the fault resistance is high and reflections from the remote end arrive at the monitoring point. If the network consists of a mixture of overhead lines and underground cables or consists of multiple branches connected to the main feeder, the diagram becomes impractical. Computer packages such as PSCAD/EMTDC or EMTP are used to model the power system networks under fault conditions. These produce very realistic voltage and current waveforms but users may have difficulty in identifying various pulses or signals exist in the waveforms due to unavailability of signal labelling [8] . There is another technique based on a "Time Trees" concept which can be used for waveforms prediction. Time Trees give good visual description of how various waveforms are generated at each end of a network. The basic idea of this concept is to follow the path travelled starting from the fault point toward the discontinuity points along the network. A program based on the "Time Trees" concept will be used to generate signals under several fault conditions. These signals will then be compared against the waveforms generated using the PSCAD/EMTDC power system simulator.
IV. POWER SYSTEM SIMULATION
A 33/11 kV distribution feeder based on the United Utilities distribution network in Cumbria, United Kingdom was modelled using PSCAD/EMTDC. A single line diagram of the distribution feeder is shown in Fig. 2 . The above network consists of a short section of underground cable (section A-AA) and the overhead line. The total distance of the main feeder (A-A1) is 14.98 km and the cable section length is 1.5km. The characteristic impedance of the overhead line is 348Ω and the velocity of the travelling wave is almost 3 x 10 5 km/s, i.e. the speed of light. As for the cable, the characteristic impedance is 39.7Ω. The propagation velocity in the cable is 1.66x10 5 km/s, which is about 55.2% of the travelling wave velocity in free space.
A Phase A to earth fault was simulated at various points along the main feeder with current measurement taken at point A. The fault resistance for this study was chosen as 0.01Ω and the time step for the simulation was 0.8 µs. Fig. 3 shows the high frequency current waveforms when Phase A to earth fault was simulated at a distance of 1km from the measurement point A (only the faulted phase waveform is shown). In this case the fault occurred inside the cable section. Since there is no discontinuity point between the fault and the measurement point, the fault surge will only reverberate between these two points.
A. Simulation results
Since the first surge (P1) is always known (i.e. the incident surge), P1 is used as a reference and the time difference between the first surge and subsequent surges can be used to determine the corresponding distances. Table 1 tabulates the time delay of the peaks with respect to P1; using equation (5), the corresponding distances were calculated. For the network under investigation, the velocity of the travelling wave will be different in the cable section and on overhead line. In order to simplify the analysis, only the propagation speed on overhead line is used. Therefore for correct analysis, the effective length of the cable section has to be calculated. In this case, the effective length of the cable section is 2.71km instead of the actual length of 1.5 km (effective length = 1.5km x 3.0x10 5 /1.66x10 5 = 2.71km). The effective fault distance to point A is then calculated to be 1.81 km.
Since the fault occurs at a point where there is no branch in between point A and AA, the fault surge will travel back and forth between these two points and therefore P2 can be identified as the surge reflected from the fault point. This is confirmed by the calculated distance of P2 with respect to P1, i.e. 1.8km in Table 1 . P3 has a corresponding distance of twice the distance from the fault point to point A and is the surge reflected from the fault for the second time.
For a fault distance of 2.5km, i.e. between point AA and B, the current waveform is shown in Fig. 4 . Referring to Fig. 4 , the time delay and the corresponding distances for each peak with respect to P1 are shown in Table 2 . From Fig. 4 , there are some peaks (P4 and 5) which are opposite in polarity compared to the incident fault surge, P1. Since the impedance of the cable is much lower than that of the overhead line, a positive incident current wave will be reflected with a negative polarity at a transition point between the cable section and overhead line. Therefore it can be assumed that the fault is located beyond the cable section (point AA). This is confirmed by the calculated distance of P4 with respect to P1, i.e. it is close to the effective length of the cable. As for P2, the calculated distance is the distance between the fault point and point AA (actual distance is 1.0km). Comparing the calculated distances with the known distances in the network, the following assumptions can be made:
1. P2 might be a surge reflected from L2 since the distance is close to the length of branch C-L2 (1.04km). 2. P4 corresponds to the surge reflected from point AA. 3. P5 might be a surge reflected from L1 since the distance is close to the length of branch B-L1 (3.88km). From the assumptions, it might seem that the fault could be beyond point C since there are reflections from L1 and L2. However, analysis on the polarity of the surge suggests that P5 could not be the surge reflected from L1 as the surge reflected from that point is expected to be positive in polarity. Taking that into consideration, the fault is now assumed to be between point AA and B. P2 is therefore the surge reflected from the fault point.
For a fault distance of 4.94km, i.e. between point C and D, the current waveform is shown in Fig. 5 . Referring to Fig. 5 , the time delay and the corresponding distances for each peak with respect to P1 are shown in Table 3 . Comparing the calculated distance with the known distances in the network the following conclusions can be made:
1. P2 corresponds to the surge reflected from the end of the branch L2 (C-L2 = 1.04km). 2. P3 corresponds to the incident surge reflected from the end of the cable. 3. P4 is the surge reflected from the end of the branch L1 (B-L1 = 3.88km).
As there are reflections from L1 and L2, the fault location can be identified to be in section C-D and the estimated fault location is between 4.54 km and 5.32 km from A.
V. COMPARISON BETWEEN PSCAD/EMTDC AND "TIME TREES" GENERATED WAVEFORMS
The "Time Trees" generator program is a program that can easily be used to generate waveforms based on the reflections and transmission of signal in a network. Fault parameters such as the location and fault resistance can be varied easily and the corresponding waveforms can be produced very quickly. This is a big advantage compared to conventional power system simulators whereby every time a parameter is changed i.e fault location or fault resistance, the simulation has to be re-run. However, at the present, this "Time Trees" program does not take into consideration factors such as attenuation and dispersion.
In order to determine the similarity between the waveforms generated by the "Time Trees" program and the ones generated by the PSCAD/EMTDC, faults were simulated at the same locations (i.e at 1km, 2.5km, and 4.94km). The waveforms produced were then crosscorrelated against the PSCAD/EMTDC simulated waveforms. Fig. 7, Fig. 8, Fig 9 and Fig. 10 show the comparison between the two waveforms for each fault case. The waveforms in Fig. 7 and Fig. 8 are similar to each other. In Fig. 9, i.e. a fault at 4 .94km, the similarity between the PSCAD/EMTDC and "Time Trees" waveforms is not as obvious. However, inspection reveals that the general shape of the "Time Trees" waveform is comparable to the PSCAD/EMTDC waveform. The reason for the difference is that the waveforms generated by PSCAD/EMTDC lack detail due to frequency dependent line attenuation as compared to the "Time Trees" waveform. The "Time Trees" program generates every possible surges (or paths) up to a specified number of path generations. In the PSCAD/EMTDC simulation, the simulated waveform depends on the sampling rate used for the simulation. In this case, a sampling rate of 1.25 MHz/sample was used.
In order to determine the degree of similarity between the waveforms, they were cross-correlated and the correlation coefficients were calculated. The process was repeated for three different length of correlation windows. The results are listed in Table 6 , Table 7 and Table 8 . The average cross-correlation coefficients calculated suggest that the waveform generated using the "Time Trees" program has a relatively high degree of similarity with the EMTDC waveform.
VI. FAULT LOCATION ESTIMATION
Since the surge impedance difference between the cable and overhead line is large (at point AA), the reflection factor at this particular point is also large. Therefore, if the fault is located beyond this point, only a small fraction of the incident fault surge will be going back to the fault point. In this case, a fault location estimation based on measuring the time delay between the arrival of the fault incident surge and the surge reflected from the fault point will not be obtained correctly. However, since the fault section can be identified, faults can be simulated at several positions within the faulted section and the simulated waveforms can be crosscorrelated against the original waveform. The "Time Trees" program is used to generate waveforms for faults at several locations within the faulted section and the resulting waveforms are cross-correlated against the original PSCAD/EMTDC waveforms. The results are shown in Table 9, Table 10 and Table 11 . The results show that the maximum correlation coefficients are obtained for faults which are the closest to the actual fault distance.
VII. CONCLUSION
This study based on computer simulations shows that it is possible to identify faulty section and the probable location of the fault by calculating the relative distance of the "peak" in the high frequency travelling waves and comparing it with the known distances in the distribution feeder. The real signals from site, however, is necessary to confirm the results presented in this paper. The authors hope to report in a future paper the results obtained from site and their validation using the fault location process described in this paper.
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